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Abstract. We present new data for the stable isotope ratio of
inorganic nitrogen species from the contrasting oxygen min-
imum zones (OMZs) of the Eastern Tropical North Atlantic,
south of Cape Verde, and the Eastern Tropical South Pacific
off Peru. Differences in minimum oxygen concentration and
corresponding N-cycle processes for the two OMZs are re-
flected in strongly contrasting δ15N distributions. Pacific sur-
face waters are marked by strongly positive values for δ15N-
NO−3 ) reflecting fractionation associated with subsurface N-
loss and partial NO−3 utilization. This contrasts with nega-
tive values in NO−3 depleted surface waters of the Atlantic
which are lower than can be explained by N supply via N2
fixation. We suggest the negative values reflect inputs of ni-
trate, possibly transient, associated with deposition of Saha-
ran dust. Strong signals of N-loss processes in the subsurface
Pacific OMZ are evident in the isotope and N2O data, both of
which are compatible with a contribution of canonical deni-
trification to overall N-loss. However the apparent N isotope
fractionation factor observed is relatively low (εd=11.4 ‰)
suggesting an effect of influence from denitrification in sedi-
ments. Identical positive correlation of N2O vs. AOU for wa-
ters with oxygen concentrations ([O2]< 5 µmol l−1) in both
regions reflect a nitrification source. Sharp decrease in N2O
concentrations is observed in the Pacific OMZ due to denitri-
fication under oxygen concentrations O2 < 5 µmol l−1.
1 Introduction
Nitrogen is a key limiting element for biological produc-
tivity and occupies a central role in ocean biogeochemistry
(Gruber, 2008). Although most chemical forms of nitrogen
in the ocean are bio-available (i.e. fixed nitrogen or “fixed-
N”) the most abundant form, N2 is generally not. The sources
of fixed-N include river inputs, atmospheric deposition and
N2 fixation (Duce et al., 2008; Gruber, 2008). Sinks of
fixed-N, producing N2, include microbial denitrification and
anammox processes, both requiring very low (i.e. suboxic)
[O2] (Devol, 2008). Hence suboxic Oxygen Minimum Zones
(OMZs) are the oceanic regions especially associated with
denitrification (Cline and Richards, 1972; Codispoti et al.,
2001; Ward et al., 2009) and anammox (Lam et al., 2009;
Thamdrup et al., 2006; Hamersley et al., 2007; Galan et al.,
2009) and play a particularly important role in the global ni-
trogen cycle as sites of N sinks from the ocean. They are lo-
cated typically in areas of upwelling with high productivity
which exhibit complex cycling of nutrients (Helly and Levin,
2004).
The relative importance of heterotrophic denitrification (a
stepwise reduction process involving a number of interme-
diates, NO−3 → NO−2 → NO→ N2O→ N2), compared to
autotrophic anammox (a chemosynthetic process, NO−2 +
NH+4 → N2) has been debated (Voss and Montoya, 2009;
Koeve and Ka¨hler, 2010).
Absence of ammonium in suboxic OMZs that should have
accumulated from organic matter breakdown could be in-
dicative of anammox, while the consumption of N2O re-
quires the denitrification process (Naqvi et al., 2010).
Although OMZs are found in all major ocean basins,
their associated nitrogen cycle processes can vary dra-
matically due to contrasting minimum oxygen levels.
In the Eastern Tropical South Pacific (ETSP), suboxic
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([O2]< 5 µmol l−1) conditions are found, whereas in East-
ern Tropical North Atlantic (ETNA), more relaxed condi-
tions exist ([O2]> 40 µmol l−1) (Karstensen et al., 2008). In
addition, fixed-N inputs associated with atmospheric deposi-
tion and, possibly, N2-fixation, vary between the two regions
(Chavez and Messie, 2009).
Cruises carried out during the collaborative research
project SFB-754 (www.sfb754.de) of the German Research
Foundation and the BMBF supported project SOPRAN (Sur-
face Ocean Processes in the Anthropocene: www.sopran.
pangaea.de) provided unique opportunities to sample nitro-
gen species in these two contrasting regions. Here we present
a comparison of N2O concentration and stable nitrogen iso-
tope distributions, which were measured in both OMZs to
highlight the similarities and differences in nitrogen cycling
between the two regions.
2 Sampling and analytical methods
In the Pacific OMZ, samples were collected onboard the R/V
Meteor (M77 Legs 3 and 4) in December 2008 and January
2009 (Fig. 1). In the Atlantic OMZ, samples were collected
on the R/V L’Atalante (cruise leg ATA03) during February
2008 from Dakar to Cape Verde Islands and on the R/V Me-
teor (M80) in December 2009 covering the region south to
Cape Verde Islands. At each station, water samples were
collected using 12 l Niskin bottles on a CTD rosette system
equipped with temperature, pressure, conductivity and oxy-
gen sensors. Nutrients and oxygen were determined onboard
according to Grasshoff et al. (1999). Triplicate water sam-
ples were taken from the CTD/rosette casts and were ana-
lyzed for dissolved N2O onboard using a static equilibration
method. For details concerning the N2O method, see Walter
et al. (2006).
Water samples for δ15N nitrate and nitrite analysis were
collected in 125 ml HDPE bottles and kept frozen prior to
analysis. For logistical reasons, samples from the M77
cruise that contained low to negligible levels of nitrite
([NO−2 ]< 0.1 µmol l−1) were acidified and stored at room
temperature, whereas samples with significant [NO−2 ] were
kept frozen prior to the δ15N-NO−2 analysis. Aliquots of
these samples were treated in the laboratory with sufficient
sulfanilic acid to remove [NO−2 ] prior to δ15N-NO−3 analysis
with any remaining sample stored at room temperature.
The isotopic composition of dissolved nitrate (δ15N-
NO−3 ) and nitrite (δ15N-NO−2 ) was measured using the Cd-
reduction/azide method (McIlvin and Altabet, 2005) with ad-
dition of NaCl as described by Ryabenko et al. (2009). All
the samples from the Atlantic study region and 50 % of the
Pacific samples were analyzed at the IFM-GEOMAR in Ger-
many, while c. 50 % of the Pacific samples were analyzed at
SMAST in the USA, using the same method. The only dif-
ference was that at SMAST N2O produced by this method
was analyzed isotopically, whereas at IFM-GEOMAR N2O
Fig. 1. Oxygen distribution at 200 m (Schlitzer, R., Ocean Data
View, World Ocean Atlas 2005, http://odv.awi.de/en/data/ocean/
world ocean atlas 2005/) with CTD station locations in the Pacific
(a) and Atlantic (b) study regions referred to in the text. White
circles indicate station 84 (a) and station 5 (b).
was converted on-line to N2 for isotopic analysis. The de-
tection limit at IFM-GEOMAR was 0.2 µmol l−1 of nitrate
or nitrite with the precision of the δ15N measurements being
±0.2 ‰. The detection limit at SMAST was slightly higher,
0.5 µmol l−1, with the same precision of 15N measurements.
The analyses of the Pacific deep water samples (>1500 m)
from both labs gave near identical values of δ15N-
([NO−2 ]+[NO−3 ]) of 5.69± 0.7 ‰ (IFM-GEOMAR; n= 31)
and 5.62± 0.4 ‰ (SMAST; n= 8) respectively. The Fisher
test showed that we can merge the two data sets with a
confidence level >95 %. The resulting mean value of
5.64± 0.7 ‰ (n= 39) lies between previously published val-
ues of 6.5 ‰ Voss (2001) and 4.5 ‰ Sigman (1997) for
the deep North Pacific Ocean. Deep waters of the At-
lantic showed very similar values as those of the Pacific
(5.3 ‰± 0.5 for > 2000 m, see Supplementary material,
Table 1).
3 Hydrographic setting of the two study regions
In the North Equatorial Atlantic region, the eastward flow
of the North Equatorial Counter Current (NECC) and North
Equatorial Under Current (NEUC) supplies oxygen rich wa-
ters to the Atlantic OMZ (Glessmer et al., 2009). The water
mass distribution in this Atlantic OMZ study region (Fig. 1b)
is affected by the Cape Verde Frontal Zone, which marks
the boundary between North and South Atlantic Central Wa-
ters (NACW, SACW). This separates well-ventilated waters
of the subtropical gyre in the north from less-ventilated wa-
ters to the south. Our CTD data (Fig. 2) show water mass
properties <500 m intermediate between those of NACW
and SACW. Antarctic Intermediate Water (AAIW: 3–5 ◦C,
S = 34.5) is found at ∼1000 m with North Atlantic Deep
Water (NADW) filling the depth range between ∼1000 and
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Table 1. Predicted surface water δ15N-NO−3 under different scenarios. Ftotal = Fdust + Fmixing −Fassimilation. The end members for δ15N
surface water calculation were: δ15N-dust = −7 ‰, δ15N-mixing =5 ‰ and δ15N-assimilation = −5 ‰.
scenario δ15N-NO−3 surface Fdust/Ftotal, % Fmixing/Ftotal, % Fassimilation/Ftotal, %
water
1 −5.8 90 10 0
2 −1 50 50 0
3 1 33 % 33 % 33 %
Fig. 2. T-S diagrams with O2 color coded for the Pacific (a) and
the Atlantic (b) study regions from CTD data collected during the
M77, M80 and L’Atalante cruises.
4000 m (Fig. 2b). A summary of the water masses properties
found in both study regions is presented in Supplementary
material, Table 1.
In the South Pacific, the Equatorial Undercurrent (EUC),
Southern Subsurface Counter Currents (SCCs), and the
Southern Intermediate Counter Currents (SICC) supply
13 ◦C Equatorial Water (13CW, 25.8<σθ < 26.6) to the east-
ern Pacific OMZ (Stramma et al., 2010). The westward flow-
ing South Equatorial Current (SEC) may recirculate some
13◦ water from the OMZ by returning eastward as the South
Subsurface Counter Current at 3–5◦ S (Schott et al., 2004).
The origin of 13CW is remote from the equator (Qu et al.,
2009) mostly as Subantarctic Mode Water (SAMW; (Tog-
gweiler et al., 1991)) and transports very oxygen depleted
waters to the OMZ, due to its relative old age. The South Pa-
cific Subtropical Underwater (STUW) is a likely O2 source
from the south which is centered on the σθ= 25.0 isopycnal
and is well-ventilated across nearly the full width of the sub-
tropical gyre (O’Connor et al., 2002). The low-salinity water
(S< 34.5) found between c. 500 and 1000 m southward of
10◦ S is Antarctic Intermediate Water (AAIW). South Pacific
Deep Water (1.2–2 ◦C) is found between c. 1500–3000 m and
is underlain by Lower Circumpolar Water (LCPW) (Fiedler
and Talley, 2006) (Fig. 2a).
Because of the differences in hydrography and signif-
icantly lower oxygen supply, the Pacific OMZ is much
Fig. 3. Oxygen distribution in the Pacific (a) and the Atlantic
(b) study regions, as measured on the cruises M77, M80 and
L’Atalante. The red lines show the water-column profiles for M77
station 84 in the Pacific and M80 station 5 in the Atlantic
more intense as compared to the Atlantic (Karstensen et al.,
2008). The resulting very low oxygen concentrations favor
metabolic pathways that convert nitrogen from biologically
reactive “fixed” forms (for example nitrate, nitrite or ammo-
nium) to N2 via denitrification and/or anammox.
4 Results and discussion
4.1 Vertical distribution of nitrogen species and isotopes
4.1.1 General
Dissolved O2 varies considerably in its depth distribution
between the Atlantic and Pacific study regions as shown in
Fig. 3. Figure 4 presents typical water column profiles for
oxygen and several nitrogen related properties from both
study regions (outside of the upwelling zones). Stations 5
(Atlantic, M80) and 84 (Pacific, M77) were chosen due to
synoptic availability of N2O, δ15N and [NO−2 ] data. The
geographic positions of the stations are indicated on Fig. 1
by white circles.
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Fig. 4. Typical water column profiles from the SE Pacific OMZ
(st. 84, 81◦ W/14◦ S) from the M77 cruise (upper panels) and the
NE Atlantic OMZ (st. 5, 20.5◦ W/12.3◦ N) from the M80 cruise
(lower panels). Black lines in the Pacific indicate δ15N-NO−3 and
δ15N-NO−2 , and the red line indicates δ15N-DIN (calculated as the
concentration weighed average of the NO−3 and NO
−
2 δ
15N val-
ues). Note the different of scales for δ15N: −20 to +20 ‰ in the
Pacific and −5 to +20 ‰ in the Atlantic.
4.1.2 Pacific study region
In the Pacific study region, the OMZ contains mostly
13CW, with oxygen concentrations < 2 µmol l−1 at depths as
shallow as∼50 m and as deep as∼550 m. The Pacific station
(Fig. 4, upper panels) is also characterized by a broad oxygen
minimum with [O2] < 2 µmol l−1 (170–400 m). We divide
the Pacific profile into layers (a) and (b) to focus the discus-
sion of nitrogen transformations at the upper OMZ boundary
and its core.
Layer a (0–120 m) includes a∼70 m deep mixed layer and
the 50 m deep euphotic zone (Chavez and Messie, 2009),
and contains water with the highest oxygen concentrations
as well as a very sharp oxycline at 80–120 m in which [O2]
drops from ∼150 to 20 µmol l−1. The primary nitrite max-
imum lies close to the base of the euphotic zone and can
be a consequence of two processes (Lomas and Lipschultz,
2006): light-limited, incomplete assimilatory reduction of ni-
trate by phytoplankton and microbial ammonium oxidation
to nitrite (i.e. the first step of nitrification). Near-surface N2O
is close to saturation and increases within the oxycline from
∼12 to∼45 nmol l−1. The observed increase in nitrous oxide
within the oxycline can be associated with ammonia oxida-
tion (Codispoti, 2010), which leads to an efflux of N2O from
the mixed layer to the atmosphere via gas exchange. The
concentrations of [NO−3 ] and [NO−2 ] above 80 m in layer a
at this station were below our detection limit for δ15N mea-
surement (0.2 µmol l−1). Higher near-surface DIN concen-
trations were observed at other stations along the 86◦ W tran-
sect and the corresponding δ15N-NO−3 values were as high
as 20 ‰. High surface δ15N-NO−3 is likely the result of in-
complete nutrient utilization and fractionation during nitrate
assimilation (Granger et al., 2004).
δ15N-NO−2 is generally much lower than δ15N-NO
−
3 and
the difference between the two increases from layer a to
layer b. Relative 15N depletion in nitrite can be explained by
isotopic fractionation during nitrate reduction to nitrite. A
smaller difference between δ15N-NO−3 and δ15N-NO
−
2 ob-
served in the oxycline is likely due to nitrification as the
fractionation effect of the process is significantly smaller
(∼13 ‰) (Casciotti, 2009; Casciotti and McIlvin, 2007) then
the one expected for denitrification (∼25 ‰) (Barford, 1999;
Granger, 2006). Thus there is evidence for a clear switch
from nitrification to denitrification with depth.
Layer b (120 m to 400 m). O2 concentrations in this
layer drop below 5 µmol l−1 and there is a strong increase in
[NO−2 ] towards a “secondary” maximum at the core of OMZ.
N2O concentrations drop sharply within the OMZ core to
∼10 nmol l−1 and increase again only towards the lower bor-
der of the layer. Denitrification is the only N-removal pro-
cess which is known to consume N2O, hence it is likely that
both the increase in [NO−2 ] and the increase and decrease in
[N2O] within this layer can be attributed to different stages
of canonical denitrification (NO−3 → NO−2 → N2O → N2)
(Bange, 2008). The vertical profiles, especially the minimum
in N2O within the OMZ’s core, provide strong evidence that
all stages of canonical denitrification influence nitrogen spe-
ciation in this layer. The observed increase in δ15N-NO−3
and decrease in δ15N-NO−2 at the base of the layer B are also
consistent with denitrification, which leaves [NO−2 ] depleted
in 15N. Interestingly, the difference between δ15N-NO−3 and
δ15N-NO−2 values are higher (∼30 ‰) than fractionation fac-
tor calculated for N-loss process within OMZ (∼11.4 ‰, see
below) but close to the expected value for pure culture stud-
ies (28.6 ‰) (i.e. Barford et al., 1999). The reason for this
could be the nitrite oxidation, which has an inverse isotopic
fractionation effect, leaving δ15N-NO−2 depleted in 15N (Cas-
ciotti, 2009). Nitrite oxidation can appear in nitrification-
denitrification coupled systems or in anammox as a side-
reaction (i.e. Straus 1998, van de Graaf 1996). The deep
[NO−2 ] maximum can support anammox, which has been ob-
served in several previous studies of this region (Galan et al.,
2009; Hamersley et al., 2007; Lam et al., 2009).
4.1.3 Atlantic study region
In the Atlantic study region, the oxygen profile has two min-
ima at ∼70 m and ∼400 m (Fig. 3b). The shallow minimum
is strongest between Senegal and the Cape Verde Islands and
is probably caused by enhanced subsurface remineralization
associated with high biological productivity and a shallow
mixed layer (Karstensen et al., 2008). The deeper minimum
is more prominent south of Cape Verde and is associated with
the water mass boundary between Central Water and AAIW
(Stramma et al., 2005). The double oxygen minimum (Fig.
3) is therefore caused by the mixing of two water masses
from the North and South (NACW and SACW) of the At-
lantic region.
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Fig. 5. Shallow vertical profiles of M80 stations south to Cape
Verde islands in the Atlantic. Stations: 1 (TENATSO) and 5, 67,
76, 81 and 87 located between 12◦ N and 9◦ N.
The profiles from the Atlantic station (Fig. 4, lower pan-
els) are considerably simpler, with fewer subsurface features.
Once again, two layers have been distinguished based on
oxygen concentration and its influence on dominant nitrogen
cycle processes.
Layer a (0–50 m) includes the surface mixed layer which
extends to c. 30 m. This layer includes the steepest part of
the oxycline, a strong increase in N2O with depth, and a pri-
mary nitrite maximum which lies at the base of this layer.
The δ15N of DIN increases steadily throughout this layer and
reaches a maximum at a depth close to the primary nitrite
maximum. These features can be attributed to a combina-
tion of remineralization of organic matter, nitrite excretion
by phytoplankton after nitrate reduction and nitrification. In
contrast to the Pacific study region, the surface layer has
minimum values of δ15N in DIN, with some values being
strongly negative (e.g. −5.6 ‰ at 20 m).
Examination of near-surface profiles from the Atlantic
(Fig. 5) reveals negative values of δ15N in DIN within the
surface mixed layer at stations located South of Cape Verde
and at the TENATSO station. There is a tendency for the
values to be most negative at the shallowest depths (20 m)
with extremely low δ15N values almost always observed in
this depth range. Generally below 20 m, both NO−3 δ15N and
concentration increase with depth. We argue that the source
of nitrate at the very surface of stations with low δ15N NO−3 is
from atmospheric deposition (see below, Sect. 4.2.5). Nitrite
concentration was below the detection limit of 0.02 µmol l−1,
while [NO−3 ] concentrations in the region are about 0.1–
0.5 µmol l−1. Thus contamination via nitrite cannot be the
reason for low δ15N values. In regions more influenced by
upwelled waters, the near-surface values were higher in the
range +4 – +7 ‰ and more consistent with an isotopic sig-
nal from upwelled NO−3 . Even though these concentration
levels lie close to our detection limit for δ15N measurements
(0.2 µmol l−1), all surface water samples were measured 5
times and gave reliable values with >95 % reliability and
±0.3 ‰ standard deviation. Further, laboratory tests with
dilutions of δ15N standards showed no suggestion of any
systematic change of measured δ15N values with decreasing
[NO−3 ] concentrations.
Apparent exceptions are found at stations 87 at 25◦ W and
67 at 30◦ W (marked with white and purple crosses in Fig. 5)
where low δ15N of−4 and−3 ‰ are observed at 50 and 40 m
respectively. Corresponding nitrate concentrations are 0.25
and 0.20 µmol l−1, respectively, and nitrite concentration is
below the detection limit. While these values appear to be too
deep to be influenced by atmospheric input, in fact the mixed
layer is indeed deeper at these stations: 40–50 m instead of
20 m. Thus, we believe, that the low δ15N signal at these
stations could also originate from atmospheric deposition. To
be conservative, we only considered the upper 20m water
column for our calculations of nitrogen fluxes in the Table 1
(see Sect. 4.2.5).
At station 1 (TENATSO, marked with black cross in
Fig. 5) between 40–60 m isotope signature lay 0 < δ15N<5
with nitrate concentrations increasing up to 6 µmol l−1 and
nitrite up to 0.55 µmol l−1. Elevated nitrate and nitrite con-
centrations having a δ15N signature of only few per mil is
here likely due to N-fixation, which was observed in this re-
gion during other studies (i.e. Bourbonnais 2009).
Layer b (below 50 m) includes the core of the Atlantic
OMZ. In contrast to the Pacific OMZ, the Atlantic profiles
had no secondary nitrite maximum, and δ15N values and
N2O concentrations remained relatively constant with depth.
The N2O profiles show no evidence for consumption as was
seen in the Pacific. This is a clear indication for the absence
of significant denitrification in this region. A slight increase
in N2O with depth below 50 m can be explained by nitrifica-
tion (Walter et al., 2006).
4.2 Property-property distributions
4.2.1 Nitrate to Phosphate
Figure 6 presents the NO−3 to PO
3−
4 relationship (with dis-
solved oxygen concentrations as the color code) for the At-
lantic and Pacific study regions. According to Redfield
stoichiometry, the average ocean ratio of N:P is 16:1. De-
viations from this ratio can be an indicator for which nutri-
ent sink/source processes are dominating in the ocean region
of interest. Waters in the Pacific study region are highly N-
deficient (N:P<16), with the highest deficits found in oxygen
minimum waters (purple coloring, Fig. 6a) and associated
with the N-removal processes denitrification and/or anam-
mox (Deutsch et al., 2001). Data from the Atlantic study re-
gion show strong positive deviations from the 16:1 Redfield
stoichiometry, which can be a result of N2-fixation (Hansell
et al., 2004; Michaels et al., 1996; Gruber and Sarmiento,
1997) and/or nutrient uptake and/or remineralization with
non-Redfield stoichiometry (Monteiro and Follows, 2006).
Positive deviations from Redfield stoichiometry can also, po-
tentially, be caused by atmospheric deposition of nitrogen
(Duce et al., 2008). Note that our treatment of deviations
in [NO−3 ]:[PO3−4 ] does not include the nitrite (NO−2 ) pro-
duced under low oxygen. Including NO−2 in the calculation,
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Fig. 6. [NO3]:[PO4] relationships in the Pacific (a) and the Atlantic
(b) study regions. The data are color-coded by oxygen concentra-
tion. Note that the average [NO3]:[PO4] relationship in the Pacific
was calculated for [O2]>50 µmol l−1.
Fig. 7. 1N2O vs. AOU at upper oxycline (350 m in the Pacific
(a) and 500 m the Atlantic (b) study areas) with oxygen concen-
tration as color code. Black dashed lines show the correlation be-
tween 1N2O and AOU, empty circles indicate the samples with
[O2]< 5 µmol l−1.
however, does not change the ratios significantly (average
DIN:[PO3−4 ] = 15.04 in the Pacific and 16.92 in the Atlantic
regions).
4.2.2 N2O vs. AOU
Property-property plots of 1N2O to apparent oxygen utiliza-
tion (AOU) (with [O2] as the color code) are presented in
Fig. 7, where AOU is the difference between the measured
dissolved oxygen concentration and its equilibrium concen-
tration in water with the same physical and chemical proper-
ties.
1N2O is the excess nitrous oxide and is defined as the dif-
ference between the measured N2O and the equilibrium N2O
concentration at the time when a water parcel had its last
contact with the atmosphere. Because the atmospheric N2O
mixing ratios have been increasing since 1800, the calcula-
tion of excess N2O has to take into account the age of the wa-
ter parcel at the time of the measurement. Freing et al. (2009)
showed that the difference in the slopes of 1N2O vs. AOU
associated with different ways of calculating excess N2O can
be as much as 17 %. The methods used include the transit
time distribution (TTD) approach, where CFC-12 and SF6
data are used to calculate a mean-age of a water parcel. Al-
ternatively, a “layer” method (Walter et al., 2004) uses differ-
ent equilibrium N2O concentrations for mixed layer and deep
waters. For the sake of simplicity we used here the “contem-
porary” approach, where the [N2O]eq in the upper 500 m is
calculated based on the contemporary atmospheric dry mole
fraction of N2O (N2O of 322× 10−9 for Pacific data and
323× 10−9 for Atlantic data, http://agage.eas.gatech.edu/)
(Nevison et al., 2003; Yoshinari, 1976). Although the con-
temporary method may lead to underestimations of 1N2O
vs. AOU slopes of up to 17 % (Freing et al., 2009), it does
not affect the qualitative comparison of the Atlantic and Pa-
cific study regions given below. An overall linear relation-
ship of 1N2O to AOU (Fig. 7) was observed previously in
both regions (Oudot et al., 1990; Elkins et al., 1978; Nevison
et al., 2003).
However, the Pacific relationship has two different slopes
for oxygen concentrations below and above 50 µmol l−1
(which corresponds here to an AOU of c. 208 µmol l−1).
For 5< [O2]< 50 µmol l−1 the slope of the 1N2O to AOU
relation is 0.30± 0.050 which is significantly higher than
that for [O2]> 50 µmol l−1 (0.10± 0.009). This is sug-
gestive of a higher yield of N2O per mole NO−3 pro-
duced by nitrification at low oxygen levels (Goreau et al.,
1980; Stein and Yung, 2003). In Pacific waters with
[O2]< 5 µmol l−1 (AOU of c. 248 µmol l−1), 1N2O concen-
trations decrease again to near-zero values, indicative of the
consumption of N2O at very low oxygen levels mentioned
above. Corresponding changes in slope are not visible in
the Atlantic data, likely because there are so few data with
[O2]< 50 µmol l−1. The slopes of the 1N2O vs. AOU re-
lationships for [O2]> 50 µmol l−1 are remarkably similar in
both regions: 0.10± 0.009 and 0.11± 0.003 in the Pacific
and Atlantic, respectively. These values lie close to the
value of 0.107 reported for the tropical Atlantic by Wal-
ter et al. (2006) but lower than the value of 0.211 reported
by Oudot (2002). The values from the Oudot (2002) pa-
per, however, should be taken with particular care as the
mean atmospheric mixing ratio of N2O presented in their
paper (316× 10−9) seems to be unrealistically high in com-
parison to the mean atmospheric background dry mole frac-
tion of N2O at the time of their measurements (308× 10−9,
http://agage.eas.gatech.edu/).
This higher yield of N2O under reduced concentrations
of oxygen was observed earlier (Goreau et al., 1980) and
was attributed to increasing N2O yield when ammonia ox-
idizing microbes become O2 stressed. This view was chal-
lenged by Frame and Casciotti (2010), who showed that
ammonia-oxidizing bacteria do not have increased N2O yield
under low O2 conditions under environmentally relevant cul-
ture conditions. The most recent findings from both the
Atlantic and Pacific oceans indicate however that archaeal
ammonia-oxidizers (AOA) rather than bacteria may be key
organisms for the production of oceanic nitrous oxide and
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can exhibit higher production rates under low oxygen condi-
tions (Lo¨scher et al., 2011).
Regarding the Pacific observations at very low O2, N2O
removal provides strong evidence for the occurrence of
denitrification given its specificity for this process (Bange
et al., 2005). However, the amount of N2O removed
(c. 50 nmol l−1) is an order of magnitude lower than the ob-
served amount of NO−3 removal. Hence it gives no indica-
tion of the quantitative significance of this process for overall
fixed nitrogen removal (e.g. compared to anammox).
Additional insight into N-loss processes is gained here
from nitrogen isotope (δ15N-NO−3 ) and fixed nitrogen deficit
(N’) data.
4.2.3 δ15N-NO−3 vs. N2O and N’
Figure 8 shows 1N2O vs. δ15N-NO−3 (with color coding
indicating oxygen concentration) in the two study regions,
which helps to reveal processes responsible for the produc-
tion or consumption of nitrous oxide. In the Atlantic, the pro-
files and property-property plots show no evidence of N2O
consumption and the nitrogen isotope values stay close to
the oceanic average of 5 ‰, which is also consistent with
a lack of denitrification. As discussed above, the dominant
process affecting N2O in the Atlantic study region is pro-
duction due to nitrification. For Pacific oxygenated waters
([O2] > 5 µmol l−1) the 1N2O vs. δ15N-NO−3 relationship is
similar to that found in the Atlantic. The reason for some
very low δ15N-NO−3 values in Atlantic surface water is dis-
cussed below. A trend towards high δ15N-NO−3 values in the
Pacific study region (Fig. 8a) can be associated with denitrifi-
cation at lower O2 concentrations ([O2]< 5 µmol l−1, purple
coloring) or with nitrate assimilation in near surface waters
([O2]> 200 µmol l−1, red coloring). These two processes
cannot be distinguished in figure 8a as the 1N2O is close
to zero both for waters with [O2]< 5 µmol l−1 (due to deni-
trification), and for waters with [O2]> 200 µmol l−1 (due to
N2O equilibration with the atmosphere). In order to differ-
entiate between these two processes the correlation between
δ15N-NO−3 and the N-deficit was calculated (Fig. 8c).
In the core of the OMZ, the δ15N of DIN is inversely
correlated with N’ (mainly negative values) and hence with
N-removal, whereas in high-oxygen, near-surface waters,
δ15N-NO−3 increases independent of N’, reflecting fraction-
ation during NO−3 assimilation by phytoplankton in the eu-
photic zone (Granger et al., 2004).
4.2.4 Isotope fractionation and N-loss in the Pacific
OMZ
The reduction of nitrate to nitrite is the first step of the den-
itrification process and is also an essential source of NO−2
for fuelling anammox (Lam et al., 2009). We will next ex-
amine the isotope fractionation signal associated with this
reduction step. The kinetic isotope fractionation factor can
Fig. 8. δ15N-NO−3 vs. 1 N2O in the Pacific (a) and in the Atlantic
(b) study areas and (c) the δ15N vs. N’ distribution in the Pacific.
The data are color-coded by oxygen concentration. The nitrogen
deficit in the figure 8c was calculated as N’ = [NO−3 ] + [NO
−
2 ] –
16× [PO3−4 ]). δ15N vs. N’ data reveal two clear trends in the Pa-
cific study region.
be represented as either αr= 15R/14R or εr = (1-α)×1000,
where 15R and 14R are the rates of denitrification for 15NO−3
and 14NO−3 , respectively. An effective or “apparent” value
for the fractionation factor for nitrate reduction (εr) can be
calculated through application of the Rayleigh model to the
field data or “diffusive” model of Brandes (1998), where dif-
fusive transport is included. Model of Brandes (1998) require
knowledge or estimations of denitrification rates and coeffi-
cient of eddy diffusivity for fractionation factor calculation.
For the Peruvian OMZ neither of those two parameters are
known however, thus we calculation ε∗ with the Rayleigh
model. This model assumes removal from a closed pool of
nitrate with constant isotopic fractionation. Hence:
δ15N−NO−3(f )= δ15N−NO−3(f=1)−ε∗× ln(f ), (1)
where f is the fraction of consumed NO−3 , f =
[NO−3 ]/(16×[PO3−4 ]), the ε∗ is an “apparent” fractiona-
tion factor, in this case for a nitrogen removal process.
Least squares fitting of all data from the Pacific OMZ
(i.e. [O2]< 50 µmol l−1) is shown in Fig. 10a, with the
“apparent” isotopic enrichment factor (ε∗) estimated to be
+11.4 ‰ (standard error of the fit is 0.7, Fig. 10). The
data are scattered between relationships defined by ε∗= 5
and 25 ‰ (assuming a common initial value for δ15Ninitial of
5.2 ‰). This value of ε∗ of +11.5 ‰ is significantly lower
than values estimated from data from the Eastern Tropi-
cal North Pacific (22.5–30 ‰) and Arabian Sea (22–25 ‰)
(Brandes et al., 1998; Sigman et al., 2003; Voss et al., 2001)
and from denitrifier cultures (28.6 ‰) (Barford et al., 1999).
However the value lies close to a values determined 30 years
ago for 2 stations off southern Peru using much less sensitive
analytical techniques (13.8 ‰) (Liu, 1979).
Separating data for shelf and offshore stations (Fig. 9b) re-
sults in fits with significantly different values of ε∗ of 7.6 ‰
and 16.0 ‰, respectively. Similar observations of low εd
have been made in Santa Barbara Basin as compared to the
open ETNP (Sigman et al., 2003). This was attributed to
a larger contribution from sedimentary denitrification input
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Fig. 9. (a) Application of Rayleigh model to assess fractionation
in the Pacific OMZ for all waters with [O2]< 50 µmol l−1. Dashed
lines indicate relationships calculated for εd= 5 and 25 ‰. The av-
erage calculated or “apparent” fractionation factor for the entire re-
gion is 11.4 ‰. (b) Apparent fractionation factors calculated sep-
arately for shelf (stations shallower then 200m) and offshore (sta-
tions deeper then 200 m) stations. The shelf stations show a lower
apparent fractionation factor of 7.6 ‰, while the value for off-shore
stations is 16.0 ‰.
Fig. 10. Satellite images of Aerosol Optical Depth at different time
periods of 2009.: (a) 25 Oct–2 Dec; (b) 3 Dec–10 Dec; (c) 11
Dec–18 Dec; (d) 19 Dec–26 Dec (http://ladsweb.nascom.nasa.gov/
browse images/l3 browser.html)
into the water column in the Basin, which has a significantly
smaller fractionation effect of 0–5 ‰ due to control of overall
NO−3 removal rate by transport through the sediments (Bran-
des and Devol, 2002, Lehmann et al., 2007).
4.2.5 Dust deposition signal in the surface waters south
of Cape Verde
In marked contrast to the Pacific study region, most δ15N-
NO−3 values from the Atlantic (Fig. 8b) stay close to the
ocean average value of 5.2 ‰ (Supplementary material, Ta-
ble 1 (Sigman et al., 2009)). In part this can be explained
by the absence of significant fixed-N removal in this re-
gion (N’ values remain positive, data not shown (Gruber and
Sarmiento, 1997)). Notable also was the complete absence
of any trend towards higher values associated with partial ni-
trate utilization in fully-oxygenated, near-surface waters on
the M80 samples (stations south to Cape Verde). Signifi-
cant increases of δ15N (up to 12 ‰) in surface waters were
only observed at shallow stations very close to the African
coast (data from L’Atalante cruise in 2008, not shown) that
are likely associated with partial phytoplankton uptake of up-
welled NO−3 (Altabet, 2001; Altabet and Francois, 1994).
Decreasing values of δ15N of DIN towards the surface
have been reported previously for Monterey Bay (Wankel et
al., 2007), and for near-surface samples collected close to
the Azores Front (30–35◦ N) (Bourbonnais et al., 2009) and
at Bermuda (Knapp et al., 2010). The lowest values pub-
lished from this general region (Bourbonnais et al., 2009)
were ∼3.5 ‰ at a depth of 100 m. Our data indicate very
similar values at this depth. The relatively low values of
3.5 ‰ were attributed by Bourbonnais et al. (2009) to the
effects of nitrogen fixation, which can result in remineralised
DIN with typical values of −1 ‰ (−2 ‰ to +2 ‰) (Carpen-
ter et al., 1997; Montoya et al., 2002). The strongly negative
δ15N values measured in surface waters south of Cape Verde
(e.g. down to −5.5 ‰, Fig. 5) have not been observed before
in oceanic surface waters and cannot be explained by am-
monification and nitrification of organic nitrogen produced
by nitrogen fixers. On the other hand, very low values of
δ15N (∼−7 ‰) of aerosol nitrate have been measured in
samples of atmospheric dust from this region (Baker et al.,
2007; Morin et al., 2009). Similarly low, negative values
have been measured in samples of atmospheric dust orig-
inating in the Sahara that were collected from the eastern
Mediterranean (Wankel et al., 2010). Recent work (Knapp
et al., 2010) shows that the wet deposition flux of fixed-N
at Bermuda can be comparable to estimates of biological N2
fixation rates in surface waters. The δ15N-NO−3 in wet de-
position at Bermuda was significantly lower (−4.5 ‰) then
δ15N added by oceanic N2 fixation (−2 to 0 ‰) (Hastings
et al., 2003; Knapp et al., 2010). For our study region, dry
deposition of dust from the Sahara is likely to dominate the
N-flux (Duarte et al., 2006).
The N-flux due to diapycnal mixing of NO−3 from be-
low in the eastern Atlantic (28◦30′ N, 23◦ W) has been es-
timated to be 140 µmol/m2/day and was statistically indis-
tinguishable from the integrated rate of nitrate assimila-
tion (Lewis et al., 1986). Later studies in the oligotrophic
north Atlantic and at Cape Verde region come to values of
about 7 mg N m−2 d−1 (or ∼500 µmol/m2/day) (Klein and
Siedler, 1995) and at region close to Mauretania to almost
double value of about 1037 µmol/m2/day, calculated from
the cruises data during high upwelling season (Schafstall et
al., 2010). According to Baker et al. (2007) the dry de-
position N flux of soluble aerosol at 20◦ W in the Atlantic
ocean is 80–120 µmol/m2/day, while wet deposition is 50–
70 µmol/m2/day. Duarte (2006), for example, estimated a
dry deposition N flux of 280± 70 µmol/m2/day in tropical
Atlantic region, which is significant in comparison to the di-
apycnal flux. This deposition flux is sufficient to supply the
observed DIN inventory of the top 20 m (0.2 µmol l−1) within
two weeks.
The most negative δ15N values in surface water were ob-
served at stations south of the Cape Verde Islands, which
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is also the region with the highest Saharan dust deposition
(Schepanski et al., 2009; Tanaka and Chiba, 2006). A few
days before our samples were collected on M80, an intensive
dust event took place, and this may have influenced the δ15N
values observed. Satellite imagery from November and De-
cember 2009 are shown in Fig. 10 and indicate a significant
dust event in the region over the period immediately prior to
our samples being collected (between 26 November and 12
December 2009).
Under these conditions, the nitrogen loading to the surface
layer cannot be considered to be in a steady state. We there-
fore examined extreme scenarios with dry deposition N flux
dominating and for balance with diapycnal mixing and as-
similation (Table 1). Total N flux (Ftotal) is the sum of two
sources from atmospheric deposition (Fdust, initial value of
δ15N-dust =−7 ‰) and diapycnal mixing (Fmix, initial value
of δ15N-mixing = 5 ‰) and one nitrogen sink from assimi-
lation (Fassimilation). The fractionation factor for assimilation
can vary with environmental conditions and dominant phyto-
plankton species. In oligotrophic waters, however, observed
isotope fractionation will be close to zero due to complete
NO−3 utilization. Assuming that utilized NO
−
3 has an ocean-
average value of δ15N = 5 ‰ and fractionation factor close
to zero, the assimilation will decrease nitrate concentration
but increase δ15N of it in ambient waters by 5 ‰, thus δ15N-
assimilation = −5 ‰.
In the first scenario, 90 % of total nitrogen derives from
dust deposition and only 10 % is from diapycnal mixing.
This scenario results in a δ15N value of −5.8 ‰, very close
to observations. The second scenario assumes equal contri-
bution from those two nitrogen sources resulting in a δ15N
of −1 ‰, while the third includes assimilation as a nitrogen
sink and result in δ15N of +1 ‰ (Table 1).
These scenarios do not take into consideration an isotopic
signal from N2 fixation. They do show, however, that under
non-steady state conditions, such as shortly after dust deposi-
tion events, the δ15N for NO−3 in surface waters can decrease
to −5.8 ‰. Thus, atmospheric dust N deposition should be
taken into account, together with the oceanic N2 fixation, in
explaining the low δ15N NO−3 pool observed in subtropical
thermoclines (Brandes et al., 1998; Karl et al., 2002; Knapp
et al., 2005; Wannicke et al., 2010).
5 Summary and conclusions
In this paper we have presented an extensive amount of
new data for nitrogen isotope and key nitrogen species,
such as N2O, collected from OMZ regions in the east-
ern tropical North Atlantic and eastern tropical South Pa-
cific. These regions have strongly contrasting O2 concen-
trations and N cycling processes. Measurements with near
identical techniques in both oceans, reveal that whereas
deep waters (> 2000 m) share near-identical values of δ15N-
DIN (5.3± 0.4 ‰), there are significant to major differences
between the two OMZs in both surface and intermediate
waters. The same AAIW water mass, for instance, has in the
Pacific δ15N-DIN average value of 6.7± 0.8 ‰ and in the At-
lantic of 5.5± 0.6 ‰ (Supplementary material, Table 1). Ac-
cording to a Student t-test, the difference is highly significant
(p < 0.01). This difference can be due to N-loss in the Pa-
cific, increasing δ15N signal of the water mass, and/or nitro-
gen fixation in the Atlantic, driving δ15N signal in the oppo-
site direction. Strongest differences in δ15N-DIN in the two
study regions are located in depth 100–500 m in the OMZs.
In the Pacific δ15N values tend towards strongly positive val-
ues as a result of N-loss processes within the OMZ and par-
tial NO−3 utilization in surface waters, while in the Atlantic
the values stay close to ∼5.4 ‰ on average.
Co-located measurements of N2O and stable N-isotopes
in waters with [O2]<∼ 5 µmol l−1 reveal a clear signal of
canonical denitrification, although its quantitative signifi-
cance for overall N-loss, relative to anammox, cannot be as-
sessed. The correlations of N2O with δ15N-NO−3 and AOU
for waters with [O2]> 50 µmol l−1 are similar in both OMZs,
reflecting similar N2O yields during nitrification. However,
waters with 5< [O2]< 50 µmol l−1 in the Pacific exhibit cor-
relations that are suggestive of a 300 % higher relative N2O
yield.
Whereas δ15N-NO−3 values in surface waters of the Pacific
OMZ region are strongly positive, being controlled by partial
nutrient utilization and a 15N-enriched NO−3 supply affected
by subsurface denitrification, the oligotrophic surface waters
south of Cape Verde in the Atlantic exhibit negative values
of δ15N (−5 to +2 ‰). The negative values are too low to
be explained by N-fixation and we show that they are most
likely the result of a transient input of NO−3 associated with
atmospheric deposition of Saharan dust. This implies that
atmospheric dust input as well as nitrogen fixation should be
considered in budgets and explanations of upper ocean stable
N isotope data, especially in the Atlantic region.
Within the Pacific OMZ, correlation of δ15N with mea-
sures of N-loss gives a calculated apparent fractionation fac-
tor for δ15N-NO−3 (εr= 11.4± 0.3 ‰) which is low compared
to canonical values, but close to a value estimated by the
only prior study in this region (Liu, 1979). Sub-division of
the data into shelf and offshore stations resulted in improved
correlations and very different apparent fractionation factors
for the two depth-regimes (εd−offshore = 16± 0.5 ‰; εd−shelf
= 7.6± 0.6 ‰). Whereas the offshore value lies close to the
∼20 ‰ fractionation factor of denitrification (Brandes et al.,
1998; Granger et al., 2008), the much lower apparent frac-
tionation factor for shelf waters likely reflects a larger con-
tribution from sedimentary denitrification (fractionation fac-
tor of 1.5 ‰; (Brandes and Devol, 2002). We note that the
fractionation effect from the complete set of stations (ε∗=
11.4± 0.3 ‰) lies reasonably close to an apparent global
fractionation factor for OMZ denitrification of 12 ‰ which
was calculated for a steady state 50:50 balance between water
column and sedimentary denitrification (Altabet, 2007).
www.biogeosciences.net/9/203/2012/ Biogeosciences, 9, 203–215, 2012
212 E. Ryabenko et al.: Nitrogen biogeochemistry in Atlantic and Pacific OMZs
Supplementary material related to this
article is available online at:
http://www.biogeosciences.net/9/203/2012/
bg-9-203-2012-supplement.pdf.
Acknowledgements. The authors thank Frank Malien, Gert Petrick
and Karen Stange for technical assistance and Andreas Oschlies
helpful discussion. The work was supported by the DFG-funded
Sonderforschungsbereich 754 “Climate-Biogeochemistry Inter-
actions in the Tropical Ocean” and SOPRAN (Surface Ocean
Processes in the Anthropocene: www.sopran.pangaea.de; FKZ
03F0462A).
Edited by: M. Voss
References
Altabet, M. A.: Nitrogen isotopic evidence for micronutrient con-
trol of fractional NO−3 utilization in the equatorial Pacific, Lim-
nol. Oceanogr., 46, 368–380, 2001.
Altabet, M. A.: Constraints on oceanic N balance/imbalance
from sedimentary 15N records, Biogeosciences, 4, 75–86,
doi:10.5194/bg-4-75-2007, 2007.
Altabet, M. A. and Francois, R.: Sedimentary Nitrogen Isotopic
Ratio as a Recorder for Surface Ocean Nitrate Utilization, Glob.
Biogeochem. Cy., 8, 103–116, 1994.
Baker, A. R., Weston, K., Kelly, S. D., Voss, M., Streu, P.,
and Cape, J. N.: Dry and wet deposition of nutrients from
the tropical Atlantic atmosphere: Links to primary productiv-
ity and nitrogen fixation, Deep-Sea Res. Pt. I, 54, 1704–1720,
doi:10.1016/j.dsr.2007.07.001, 2007.
Bange, H. W.: Gaseous nitrogen compounds (NO, N2O, N2, NH3)
in the ocean, in: Nitrogen in Marine Environment, 2nd Edn.,
edited by: Capone, D. G., Bronk, D. A., Mulholland, M. R., and
Carpenter, E. J., Amsterdam, 2008.
Bange, H. W., Naqvi, S. W. A., and Codispoti, L. A.: The nitro-
gen cycle in the Arabian Sea, Prog. Oceanogr., 65, 145–158,
doi:10.1016/j.pocean.2005.03.002, 2005.
Barford, C. C., Montoya, J. P., Altabet, M. A., and Mitchell, R.:
Steady-state nitrogen isotope effects of N2 and N2O production
in Paracoccus denitrificans, Appl. Environ. Microb., 65, 989–
994, 1999.
Bourbonnais, A., Lehmann, M. F., Waniek, J. J., and Schulz-
Bull, D. E.: Nitrate isotope anomalies reflect N2 fixation in the
Azores Front region (subtropical NE Atlantic), J. Geophys. Res.-
Oceans, 114, C03003, doi:10.1029/2007JC004617, 2009.
Brandes, J. A. and Devol, A. H.: A global marine-fixed nitrogen iso-
topic budget: Implications for Holocene nitrogen cycling, Global
Biogeochem. Cy., 16, 1120–1134, doi:10.1029/2001GB001856,
2002.
Brandes, J. A., Devol, A. H., Yoshinari, T., Jayakumar, D. A., and
Naqvi, S. W. A.: Isotopic composition of nitrate in the cen-
tral Arabian Sea and eastern tropical North Pacific: A tracer for
mixing and nitrogen cycles, Limnol. Oceanogr., 43, 1680–1689,
doi:10.4319/lo.1998.43.7.1680, 1998.
Carpenter, E. J., Harvey, H. R., Fry, B., and Capone,
D. G.: Biogeochemical tracers of the marine cyanobac-
terium Trichodesmium, Deep-Sea Res. Pt. I, 44, 27–38,
doi:10.1016/S0967-0637(96)00091-X, 1997.
Casciotti, K. L.: Inverse kinetic isotope fractionation during bac-
terial nitrite oxidation, Geochim. Cosmochim. Ac., 73, 2061–
2076, doi:0.1016/j.gca.2008.12.022, 2009.
Casciotti, K. L. and McIlvin, M. R.: Isotopic analyses of ni-
trate and nitrite from reference mixtures and application to East-
ern Tropical North Pacific waters, Mar. Chem., 107, 184–201,
doi:10.1016/j.marchem.2007.06.021, 2007.
Chavez, F. P. and Messie, M.: A comparison of Eastern
Boundary Upwelling Ecosystems, Prog. Oceanogr., 83, 80–96,
doi:10.1016/j.pocean.2009.07.032, 2009.
Cline, J. D. and Richards, F. A.: Oxygen deficient conditions and ni-
trate reduction in Eastern Tropical North-Pacific Ocean, Limnol.
Oceanogr., 17, 885–900, 1972.
Codispoti, L. A.: Interesting Times for Marine N2O, Science, 327,
1339–1340, doi:10.1126/science.1184945, 2010.
Codispoti, L. A., Brandes, J. A., Christensen, J. P., Devol, A.
H., Naqvi, S. W. A., Paerl, H. W., and Yoshinari, T.: The
oceanic fixed nitrogen and nitrous oxide budgets: Moving tar-
gets as we enter the anthropocene?, Sci. Mar., 65, 85–105,
doi:10.3989/scimar.2001.65s285, 2001.
Deutsch, C., Gruber, N., Key, R. M., Sarmiento, J. L.,
and Ganachaud, A.: Denitrification and N2 fixation in
the Pacific Ocean, Global Biogeochem. Cy., 15, 483–506,
doi:10.1029/2000GB001291, 2001.
Devol, A. H.: Denitrification including anammox, in: Nitrogen in
the Marine Environment 2Edn., edited by: Capone, D. G., Bronk,
D. A., Mulholland, M. R., and Carpenter, E. J., Elsevier Inc.,
Amsterdam, 263–302, 2008.
Duarte, C. M., Dachs, J., Llabres, M., Alonso-Laita, P., Gasol,
J. M., Tovar-Sanchez, A., Sanudo-Wilhemy, S., and Agusti,
S.: Aerosol inputs enhance new production in the subtropi-
cal northeast Atlantic, J. Geophys. Res.-Biogeo., 111, G04006,
doi:10.1029/2005jg000140, 2006.
Duce, R. A., LaRoche, J., Altieri, K., Arrigo, K. R., Baker, A.
R., Capone, D. G., Cornell, S., Dentener, F., Galloway, J.,
Ganeshram, R. S., Geider, R. J., Jickells, T., Kuypers, M. M.,
Langlois, R., Liss, P. S., Liu, S. M., Middelburg, J. J., Moore,
C. M., Nickovic, S., Oschlies, A., Pedersen, T., Prospero, J.,
Schlitzer, R., Seitzinger, S., Sorensen, L. L., Uematsu, M., Ulloa,
O., Voss, M., Ward, B., and Zamora, L.: Impacts of Atmospheric
Anthropogenic Nitrogen on the Open Ocean, Science, 320, 893–
897, doi:10.1126/science.1150369, 2008.
Elkins, J. W., Wofsy, S. C., McElroy, M. B., Kolb, C. E., and Ka-
plan, W. A.: Aquatic sources and sinks for nitrous oxide, Nature,
275, 602–606, doi:10.1038/275602a0, 1978.
Fiedler, P. C. and Talley, L. D.: Hydrography of the eastern
tropical Pacific: A review, Prog. Oceanogr., 69, 143–180,
doi:10.1016/j.pocean.2006.03.008, 2006.
Biogeosciences, 9, 203–215, 2012 www.biogeosciences.net/9/203/2012/
E. Ryabenko et al.: Nitrogen biogeochemistry in Atlantic and Pacific OMZs 213
Frame, C. H. and Casciotti, K. L.: Biogeochemical controls and
isotopic signatures of nitrous oxide production by a marine
ammonia-oxidizing bacterium, Biogeosciences, 7, 2695–2709,
doi:10.5194/bg-7-2695-2010, 2010.
Freing, A., Wallace, D. W. R., Tanhua, T., Walter, S., and Bange,
H. W.: North Atlantic production of nitrous oxide in the con-
text of changing atmospheric levels, Global Biogeochem. Cy.,
23, GB4015, doi:10.1029/2009gb003472, 2009.
Galan, A., Molina, V., Thamdrup, B., Woebken, D., Lavik, G.,
Kuypers, M. M. M., and Ulloa, O.: Anammox bacteria and
the anaerobic oxidation of ammonium in the oxygen minimum
zone off northern Chile, Deep-Sea Res. Pt. II, 56, 1125–1135,
doi:10.1016/j.dsr2.2008.09.016, 2009.
Glessmer, M. S., Eden, C., and Oschlies, A.: Contribu-
tion of oxygen minimum zone waters to the coastal up-
welling off Mauritania, Prog. Oceanogr., 83, 143–150,
doi:10.1016/j.pocean.2009.07.015, 2009.
Goreau, T. J., Kaplan, W. A., Wofsy, S. C., McElroy, M. B., Val-
ois, F. W., and Watson, S. W.: Production of NO−2 and N2O by
Nitrifying Bacteria at Reduced Concentrations of Oxygen, Appl.
Environ. Microb., 40, 526–532, 1980.
Granger, J., Sigman, D. M., Needoba, J. A., and Harrison, P. J.:
Coupled nitrogen and oxygen isotope fractionation of nitrate
during assimilation by cultures of marine phytoplankton, Lim-
nol. Oceanogr., 49, 1763–1773, doi:10.4319/lo.2004.49.5.1763,
2004.
Granger, J., Sigman, D. M., Lehmann, M. F., and Tortell, P. D.:
Nitrogen and oxygen isotope fractionation during dissimilatory
nitrate reduction by denitrifying bacteria, Limnol. Oceanogr., 53,
2533–2545, doi:10.4319/lo.2008.53.6.2533, 2008.
Grasshoff, K., Kremling, K., and Ehrhardt, M.: Methods of sea-
water analysis – third, completely revised and extended version,
Seawater Analysis Wiley-VCH, 1999.
Gruber, N.: The Marine Nitrogen Cycle: Overview and Challanges,
in: Nitrogen in Marine Environment, edited by: Capone, D. G.,
Bronk, D. A., Mulholland, M. R., and Carpenter, E. J., Elsevier
Inc., 1–51, 2008.
Gruber, N. and Sarmiento, J. L.: Global patterns of marine nitrogen
fixation and denitrification, Global Biogeochem. Cy., 11, 235–
266, doi:10.1029/97GB00077, 1997.
Hamersley, M. R., Lavik, G., Woebken, D., Rattray, J. E., Lam, P.,
Hopmans, E. C., Damste, J. S. S., Kruger, S., Graco, M., Gutier-
rez, D., and Kuypers, M. M. M.: Anaerobic ammonium oxida-
tion in the Peruvian oxygen minimum zone, Limnol. Oceanogr.,
52, 923–933, doi:10.4319/lo.2007.52.3.0923, 2007.
Hansell, D. A., Bates, N. R., and Olson, D. B.: Excess nitrate and
nitrogen fixation in the North Atlantic Ocean, Mar. Chem., 84,
243–265, doi:10.1016/j.marchem.2003.08.004, 2004.
Hastings, M. G., Sigman, D. M., and Lipschultz, F.: Isotopic evi-
dence for source changes of nitrate in rain at Bermuda, J. Geo-
phys. Res.-Atmos., 108, 4790, doi:10.1029/2003jd003789, 2003.
Helly, J. J. and Levin, L. A.: Global distribution of naturally occur-
ring marine hypoxia on continental margins, Deep-Sea Res. Pt. I,
51, 1159–1168, doi:10.1016/j.dsr.2004.03.009, 2004.
Karl, D., Michaels, A., Bergman, B., Capone, D., Carpenter, E.,
Letelier, R., Lipschultz, F., Paerl, H., Sigman, D., and Stal, L.:
Dinitrogen fixation in the world’s oceans, Biogeochemistry, 57,
47–98, doi:10.1023/A:1015798105851, 2002.
Karstensen, J., Stramma, L., and Visbeck, M.: Oxygen minimum
zones in the eastern tropical Atlantic and Pacific oceans, Prog.
Oceanogr., 77, 331–350, doi:10.1016/j.pocean.2007.05.009,
2008.
Klein, B. and Siedler, G.: Isopycnal and Diapycnal Mixing at the
Cape-Verde Frontal Zone, J. Phys. Oceanogr., 25, 1771–1787,
1995.
Knapp, A. N., Sigman, D. M., and Lipschultz, F.: N isotopic com-
position of dissolved organic nitrogen and nitrate at the Bermuda
Atlantic time-series study site, Global Biogeochem. Cy., 19,
GB1018, doi:10.1029/2004GB002320, 2005.
Knapp, A. N., Hastings, M. G., Sigman, D. M., Lipschultz, F., and
Galloway, J. N.: The flux and isotopic composition of reduced
and total nitrogen in Bermuda rain, Mar. Chem., 120, 83–89,
doi:10.1016/j.marchem.2008.08.007, 2010.
Koeve, W. and Ka¨hler, P.: Heterotrophic denitrification vs. au-
totrophic anammox quantifying collateral effects on the oceanic
carbon cycle, Biogeosciences, 7, 2327–2337, doi:10.5194/bg-7-
2327-2010, 2010.
Lam, P., Lavik, G., Jensen, M. M., van de Vossenberg, J., Schmid,
M., Woebken, D., Dimitri, G., Amann, R., Jetten, M. S. M., and
Kuypers, M. M. M.: Revising the nitrogen cycle in the Peruvian
oxygen minimum zone, Proceedings of the National Academy
of Sciences of the United States of America, 106, 4752–4757,
doi:10.1073/pnas.0812444106, 2009.
Lehmann, M. F., Sigman, D. M., McCorkle, D. C., Granger,
J., Hoffmann, S., Cane, G., and Brunelle, B. G.: The dis-
tribution of nitrate 15N/14N in marine sediments and the im-
pact of benthic nitrogen loss on the isotopic composition of
oceanic nitrate, Geochim. Cosmochim. Ac., 71, 5384–5404,
doi:10.1016/j.gca.2007.07.025, 2007.
Lewis, M. R., Hebert, D., Harrison, W. G., Platt, T., and Oakey, N.
S.: Vertical Nitrate Fluxes in the Oligotrophic Ocean, Science,
234, 870–873, doi:10.1126/science.234.4778.870, 1986.
Liu, K.-K.: Geochemistry of Inorganic Nitrogen Compounds in
Two Marine Environments: The Santa Barbara Basin and the
Ocean off Peru, PhD in Geochemistry, University of California,
Los Angeles, 1979.
Lomas, M. W. and Lipschultz, F.: Forming the primary nitrite max-
imum: Nitrifiers or phytoplankton?, Limnology and Oceanogra-
phy, 51, 2453–2467, doi:10.4319/lo.2006.51.5.2453, 2006.
Lo¨scher, C. R., Kock, A., Ko¨nneke, M., LaRoche, J., Bange, H.
W., and Schmitz, R. A.: Production of oceanic nitrous oxide
by ammonia-oxidizing archaea, Biogeosciences, in preparation,
2011.
McIlvin, M. R. and Altabet, M. A.: Chemical Conversion of Nitrate
and Nitrite to Nitrous Oxide for Nitrogen and Oxygen Isotopic
Analysis in Freshwater and Seawater, Anal. Chem., 77, 5589–
5595, doi:10.1021/ac050528s, 2005.
Michaels, A. F., Olson, D., Sarmiento, J. L., Ammerman, J. W.,
Fanning, K., Jahnke, R., Knap, A. H., Lipschultz, F., and Pros-
pero, J. M.: Inputs, losses and transformations of nitrogen and
phosphorus in the pelagic North Atlantic Ocean, Biogeochem-
istry, 35, 181–226, doi:10.1007/BF02179827, 1996.
Monteiro, F. M. and Follows, M.: Nitrogen fixation and pref-
erential remineralization of phosphorus in the North Atlantic:
Model insights, Eos Trans., AGU, 87(36), Ocean Science Meet-
ing OS35A–06, 2006.
www.biogeosciences.net/9/203/2012/ Biogeosciences, 9, 203–215, 2012
214 E. Ryabenko et al.: Nitrogen biogeochemistry in Atlantic and Pacific OMZs
Montoya, J. P., Carpenter, E. J., and Capone, D. G.: Nitrogen
fixation and nitrogen isotope abundances in zooplankton of the
oligotrophic North Atlantic, Limnol. Oceanogr., 47, 1617–1628,
2002.
Morin, S., Savarino, J., Frey, M. M., Domine, F., Jacobi, H. W.,
Kaleschke, L., and Martins, J. M. F.: Comprehensive isotopic
composition of atmospheric nitrate in the Atlantic Ocean bound-
ary layer from 65 degrees S to 79 degrees N, J. Geophys. Res.-
Atmos., 114, D05303, doi:10.1029/2008JD010696, 2009.
Naqvi, S. W. A., Bange, H. W., Farı´as, L., Monteiro, P. M. S., Scran-
ton, M. I., and Zhang, J.: Marine hypoxia/anoxia as a source of
CH4 and N2O, Biogeosciences, 7, 2159–2190, doi:10.5194/bg-
7-2159-2010, 2010.
Nevison, C., Butler, J. H., and Elkins, J. W.: Global distribution
of N2O and the Delta N2O-AOU yield in the subsurface ocean,
Global Biogeochem. Cy., 17, 1119, doi:10.1029/2003gb002068,
2003.
O’Connor, B. M., Fine, R. A., Maillet, K. A., and Olson, D.
B.: Formation rates of subtropical underwater in the Pacific
Ocean, Deep-Sea Res. Pt. I, 49, 1571–1590, doi:10.1016/S0967-
0637(02)00087-0, 2002.
Oudot, C., Andrie, C., and Montel, Y.: Nitrous oxide production in
the tropical Atlantic Ocean, Deep-Sea Res. Pt. I., 37, 183–202,
doi:10.1016/0198-0149(90)90123-D, 1990.
Oudot, C., Jean-Baptiste, P., Fourre, E., Mormiche, C., Guevel, M.,
Ternon, J. F., and Le Corre, P.: Transatlantic equatorial distri-
bution of nitrous oxide and methane, Deep-Sea Res. Pt. I, 49,
1175–1193, 2002.
Qu, T., Gao, S., Fukumori, I., Fine, R. A., and Lindstrom, E. J.:
Origin and Pathway of Equatorial 13 ◦C Water in the Pacific
Identified by a Simulated Passive Tracer and Its Adjoint, J. Phys.
Oceanogr., 39, 1836–1853, doi:10.1175/2009JPO4045.1, 2009.
Ryabenko, E., Altabet, M. A., and Wallace, D. W. R.: Effect of
chloride on the chemical conversion of nitrate to nitrous oxide for
δ15N analysis, Limnol. Oceanogr. Methods, 7, 545–552, 2009.
Schafstall, J., Dengler, M., Brandt, P., and Bange, H.: Tidal-
induced mixing and diapycnal nutrient fluxes in the Mauri-
tanian upwelling region, J. Geophys. Res.-Oceans, 115, 19,
doi:10.1029/2009jc005940, 2010.
Schepanski, K., Tegen, I., and Macke, A.: Saharan dust trans-
port and deposition towards the tropical northern Atlantic, At-
mos. Chem. Phys., 9, 1173–1189, doi:10.5194/acp-9-1173-2009,
2009.
Schott, F. A., McCreary, J. P., and Johnson, G. C.: Shallow over-
turning circulations of the tropical-subtropical oceans, in: Earth
Climate: The Ocean-Atmosphere Interaction, edited by: Wang,
C., Xie, S. P., and Carton, J. A., American Geophysical Union,
Washington D.C. , 261–304, 2004.
Sigman, D. M., Altabet, M. A., Michener, R., McCorkle, D. C., Fry,
B., and Holmes, R. M.: Natural abundance-level measurement of
the nitrogen isotopic composition of oceanic nitrate: an adapta-
tion of the ammonia diffusion method, Mar. Chem., 57, 227–242,
doi:10.1016/S0304-4203(97)00009-1, 1997.
Sigman, D. M., Robinson, R., Knapp, A. N., van Geen, A.,
McCorkle, D. C., Brandes, J. A., and Thunell, R. C.: Dis-
tinguishing between water column and sedimentary denitri-
fication in the Santa Barbara Basin using the stable iso-
topes of nitrate, Geochem. Geophys. Geosyst., 4(5), 1040,
doi:10.1029/2002gc000384, 2003.
Sigman, D. M., DiFiore, P. J., Hain, M. P., Deutsch, C., Wang, Y.,
Karl, D. M., Knapp, A. N., Lehmann, M. F., and Pantoja, S.:
The dual isotopes of deep nitrate as a constraint on the cycle and
budget of oceanic fixed nitrogen, Deep-Sea Res. Pt. I, 56, 1419–
1439, doi:10.1016/j.dsr.2009.04.007, 2009.
Stein, L. Y. and Yung, Y. L.: Production, isotopic com-
position, and atmospheric fate of biologically produced ni-
trous oxide, Annu. Rev. Earth Pl. Sc., 31, 329–356,
doi:10.1146/annurev.earth.31.110502.080901, 2003.
Stramma, L., Hu¨ttl, S., and Schafstall, J.: Water masses and currents
in the upper tropical northeast Atlantic off northwest Africa, J.
Geophys. Res., 110, C12006, doi:10.1029/2005jc002939, 2005.
Stramma, L., Johnson, G. C., Firing, E., and Schmidtko, S.:
Eastern Pacific oxygen minimum zones: Supply paths and
multidecadal changes, J. Geophys. Res.-Oceans, 115, C09011,
doi:10.1029/2009jc005976, 2010.
Strous, M., Heijnen, J. J., Kuenen, J. G., and Jetten, M. S.
M.: The sequencing batch reactor as a powerful tool for
the study of slowly growing anaerobic ammonium-oxidizing
microorganisms, Appl. Microbiol. Biotechnol., 50, 589–596,
doi:10.1007/s002530051340, 1998.
Tanaka, T. Y. and Chiba, M.: A numerical study of the contributions
of dust source regions to the global dust budget, Global Planet.
Change, 52, 88–104, doi:10.1016/j.gloplacha.2006.02.002,
2006.
Thamdrup, B., Dalsgaard, T., Jensen, M. M., Ulloa, O., Farias,
L., and Escribano, R.: Anaerobic ammonium oxidation in the
oxygen-deficient waters off northern Chile, Limnol. Oceanogr.,
51, 2145–2156, doi:10.4319/lo.2006.51.5.2145, 2006.
Toggweiler, J. R., Dixon, K., and Broecker, W. S.: The Peru Up-
welling and the Ventilation of the South Pacific Thermocline, J.
Geophys. Res., 96, 20467–20497, doi:10.1029/91jc02063, 1991.
van de Graaf, A. A., de Bruijn, P., Robertson, L. A., Jetten, M.
S. M., and Kuenen, J. G.: Autotrophic growth of anaerobic
ammonium-oxidizing micro-organisms in a fluidized bed reac-
tor, Microbiology, 142, 2187–2196, doi:10.1099/13500872-142-
8-2187, 1996.
Voss, M. and Montoya, J. P.: Nitrogen Cycle, Oceans apart, Nature,
461, 49–50, doi:10.1038/461049a, 2009.
Voss, M., Dippner, J. W., and Montoya, J. P.: Nitrogen isotope
patterns in the oxygen-deficient waters of the Eastern Tropi-
cal North Pacific Ocean, Deep-Sea Res. Pt. I, 48, 1905–1921,
doi:10.1016/S0967-0637(00)00110-2, 2001.
Walter, S., Bange, H. W., and Wallace, D. W. R.: Nitrous ox-
ide in the surface layer of the tropical North Atlantic Ocean
along a west to east transect, Geophys. Res. Lett., 31, L23S07,
doi:10.1029/2004gl019937, 2004.
Walter, S., Bange, H. W., Breitenbach, U., and Wallace, D. W. R.:
Nitrous oxide in the North Atlantic Ocean, Biogeosciences, 3,
607–619, doi:10.5194/bg-3-607-2006, 2006.
Wankel, S. D., Kendall, C., Pennington, J. T., Chavez, F. P., and
Paytan, A.: Nitrification in the euphotic zone as evidenced
by nitrate dual isotopic composition: Observations from Mon-
terey Bay, California, Global Biogeochem. Cy., 21, GB2009,
doi:10.1029/2006gb002723, 2007.
Wankel, S. D., Chen, Y., Kendall, C., Post, A. F., and Paytan, A.:
Sources of aerosol nitrate to the Gulf of Aqaba: Evidence from
delta N-15 and delta O-18 of nitrate and trace metal chemistry,
Mar. Chem., 120, 90–99, doi:10.1016/j.marchem.2009.01.013,
Biogeosciences, 9, 203–215, 2012 www.biogeosciences.net/9/203/2012/
E. Ryabenko et al.: Nitrogen biogeochemistry in Atlantic and Pacific OMZs 215
2010.
Wannicke, N., Liskow, I., and Voss, M.: Impact of diazotro-
phy on N stable isotope signatures of nitrate and particu-
late organic nitrogen: case studies in the north-eastern tropi-
cal Atlantic Ocean, Isot. Environ. Health Stud., 46, 337–354,
doi:10.1080/10256016.2010.505687, 2010.
Ward, B. B., Devol, A. H., Rich, J. J., Chang, B. X., Bulow, S. E.,
Naik, H., Pratihary, A., and Jayakumar, A.: Denitrification as the
dominant nitrogen loss process in the Arabian Sea, Nature, 461,
78–81, doi:10.1038/nature08276, 2009.
Yoshinari, T.: Nitrous oxide in the sea, Mar. Chem., 4, 189–202,
1976.
www.biogeosciences.net/9/203/2012/ Biogeosciences, 9, 203–215, 2012
